Characterization of rock masses and evaluation of their mechanical properties are important and challenging tasks in rock mechanics and rock engineering. Since in many cases rock quality designation (RQD) is the only rock mass classification index available, this paper outlines the key aspects on determination of RQD and evaluates the empirical methods based on RQD for determining the deformation modulus and unconfined compressive strength of rock masses. First, various methods for determining RQD are presented and the effects of different factors on determination of RQD are highlighted. Then, the empirical methods based on RQD for determining the deformation modulus and unconfined compressive strength of rock masses are briefly reviewed. Finally, the empirical methods based on RQD are used to determine the deformation modulus and unconfined compressive strength of rock masses at five different sites including 13 cases, and the results are compared with those obtained by other empirical methods based on rock mass classification indices such as rock mass rating (RMR), Q-system (Q) and geological strength index (GSI). It is shown that the empirical methods based on RQD tend to give deformation modulus values close to the lower bound (conservative) and unconfined compressive strength values in the middle of the corresponding values from different empirical methods based on RMR, Q and GSI. The empirical methods based on RQD provide a convenient way for estimating the mechanical properties of rock masses but, whenever possible, they should be used together with other empirical methods based on RMR, Q and GSI.
Introduction
Natural rock mass differs from most other engineering materials in that it contains discontinuities such as joints, bedding planes, folds, sheared zones and faults which render its structure discontinuity. To determine the engineering properties of rock masses, it is important to consider the effect of discontinuities. As Palmström (2002) noted: "The engineering properties of a rock mass often depend far more on the system of geological defects within the rock mass than on the strength of the (intact) rock itself. Thus, from an engineering point of view, a knowledge of the type and frequency of the joints and fissures is often more important than the types of rock involved. The observations and characterization of the joints should therefore be done carefully."
Because of the discontinuous nature of rock masses, it is important to choose the right domain that is representative of the rock mass affected by the structure analyzed when determining the engineering properties (Fig. 1) . The behavior of the rock mass is dependent on the relative scale between the problem domain and the rock blocks formed by the discontinuities. When the structure is significantly larger than the rock blocks formed by the discontinuities, the rock mass may be simply treated as an equivalent continuum for the analysis (Brady and Brown, 1985; Brown, 1993; Hoek et al., 1995; Zhang, 2005) . Treating the jointed rock mass as an equivalent continuum (i.e. the equivalent continuum approach), different empirical correlations have been proposed for estimating the engineering properties of jointed rock masses based on the classification indices such as rock quality designation (RQD) (Deere et al., 1967; Coon and Merritt, 1970; Serafim and Pereira, 1983; Zhang and Einstein, 2004; Zhang, 2010) , rock mass rating (RMR) (Bieniawski, 1978; Serafim and Pereira, 1983; Yudhbir and Prinzl, 1983; Nicholson and Bieniawski, 1990; Mitri et al., 1994; Sheorey, 1997; Aydan and Dalgic, 1998) , Q-system (Q) (Barton et al., 1980; Barton, 2002) , and geological strength index (GSI) (Hoek and Brown, 1997; Hoek, 2004; Gokceoglu et al., 2003; Hoek and Diederichs, 2006) .
Since in many cases RQD is the only information available for describing rock discontinuities, this paper focuses on the determination of RQD and its utilization for evaluating the engineering properties (mainly deformation modulus and unconfined compressive strength) of rock masses. First, different methods for determining RQD are presented and the effects of different factors on determination of RQD are discussed. Then, different empirical methods based on RQD for estimating the deformation modulus and unconfined compressive strength of rock masses are presented and briefly discussed. Finally, these empirical methods are used to determine the deformation modulus and unconfined compressive strength of rock masses at five different sites including 13 cases, and the results are compared with those using other empirical methods based on rock mass classification indices RMR, Q and GSI. This paper outlines the key aspects on determination of RQD and provides useful information for effective evaluation of the deformation modulus and unconfined compressive strength of rock masses based on RQD.
Determination of RQD
RQD was proposed by Deere (1964) as a measure of the quality of borehole core. The RQD is defined as the ratio (in percentage) of the total length of sound core pieces that is 0.1 m (4 inch) or longer to the length of the core run. Besides the direct method for determining RQD from coring, different indirect methods are also available for evaluating RQD.
For determination of RQD using core boring, the International Society for Rock Mechanics (ISRM) recommended a core size of at least NX (size 54.7 mm) drilled with double-tube core barrel using a diamond bit. Artificial fractures can be identified by close fitting of cores and unstained surfaces. All the artificial fractures should be ignored while counting the core length for RQD. The correct procedure for determining RQD from coring is shown in Fig. 2 .
RQD can also be determined from discontinuity frequency obtained from scanline sampling. Correlations between RQD and linear discontinuity frequency have been derived for different discontinuity spacing distribution forms (Priest and Hudson (1976) ; Sen and Kazi, 1984; Sen, 1993) . For example, for a negative exponential distribution of discontinuity spacings, Priest and Hudson (1976) derived the following relationship between RQD and linear discontinuity frequency l:
where t is the length threshold. For t ¼ 0.1 m as for the conventionally defined RQD, Eq.
(1) can be expressed as RQD ¼ 100e À0:1l ð0:1l þ 1Þ (2) Fig. 3 shows the relations obtained by Priest and Hudson (1976) between measured values of RQD and l, and the values calculated using Eq. (2). For values of l in the range of 6e16 m
À1
, a good approximation to measured RQD values is found to be given by the following linear relation:
It is noted that Eq. (1) was derived based on the assumption that the length of the sampling line L is large so that the term e ÀlL is negligible. For a short sampling line of length L, Sen and Kazi (1984) derived the following expression for RQD with a length threshold t:
RQD ¼ 100 It can be seen that when L is smaller than about 0.5 m, RQD increases significantly as L increases. When L is larger than 0.5 m, RQD changes slightly with L. Therefore, it is important to use sampling lines that are long enough so that e ÀL can be negligible.
Seismic velocity measurements have also been used to estimate RQD. By comparing the P-wave velocity of in situ rock mass with laboratory P-wave velocity of intact drill core obtained from the same rock mass, the RQD can be estimated by (Deere et al., 1967) :
where v pF is the P-wave velocity of in situ rock mass, and v p0 is the P-wave velocity of the corresponding intact rock. Other empirical correlations similar to Eq. (5) were also proposed by researchers, including (El-Naqa, 1996; Bery and Saad, 2012) :
although Sjogren et al. (1979) and Palmström (1995) proposed the following hyperbolic correlation between RQD and P-wave velocities:
where v pq is the P-wave velocity of a rock mass with RQD ¼ 0, and k q is a parameter taking into account the actual conditions of the in situ rock mass. Based on regression analysis of the data obtained for heavily fractured calcareous rock masses outcropping in southern Italy, Budetta et al. (2001) 
It is noted that RQD varies with the direction of the borehole or sampling line. As an example, Fig. 5 shows the variation of estimated RQD by Choi and Park (2004) for a site in the west-southern part of Korea on the lower hemisphere equal-angle stereo projection net. The variation of RQD with direction can be clearly seen. Therefore, it is important to specify the corresponding direction when stating a RQD value.
The RQD can also be estimated using the correlation between RQD and volumetric discontinuity frequency l v (Palmström, 1974; ISRM, 1978) :
where the volumetric discontinuity frequency l v is the sum of the number of discontinuities per unit length for all discontinuity sets, which can be determined from the discontinuity set spacings within a volume of rock mass as (Palmström, 1982) :
where s 1 , s 2 and s 3 are the mean discontinuity set spacings. Random discontinuities in the rock mass can be considered by assuming a random spacing s r for each of them. According to Palmström (2002) , s r ¼ 5 m can be assumed. So the volumetric discontinuity frequency l v can be generally expressed as 
where N r is the number of random discontinuities.
The use of volumetric discontinuity frequency l v for estimating RQD provides a quite useful way in reducing the directional dependence of RQD. It is also possible to do core boring, scanline sampling and/or wave velocity measurements at different directions and then evaluate the overall RQD of the rock mass.
3. Empirical methods based on RQD for estimating rock mass properties
Estimation of deformation modulus
Based on field studies at Dworshak Dam, Deere et al. (1967) suggested that RQD be used for determining the deformation modulus of rock masses. By adding more data from other sites, Coon and Merritt (1970) developed a relation between RQD and the modulus ratio E m /E r as shown in Fig. 6 , where E m and E r are the deformation moduli of the rock mass and the intact rock, respectively. Gardner (1987) proposed the following relation for estimating E m from E r by using a reduction factor a E which accounts for the frequency of discontinuities by RQD:
This method was adopted by the American Association of State Highway and Transportation Officials in the Standard Specification for Highway Bridges (AASHTO, 1996) . For RQD >57%, Eq. (13) is the same as the relation of Coon and Merritt (1970) , while for RQD < 57%, Eq. (13) gives E m /E r ¼ 0.15.
It is noted that the RQD-(E m /E r ) relations by Coon and Merritt (1970) and Gardner (1987) have the following limitations (Zhang and Einstein, 2004 ):
(1) The range of RQD < 60% is not covered or only an arbitrary value of E m /E r is selected for the whole range. (2) For RQD ¼ 100%, E m is assumed to be equal to E r . This is obviously unsafe in design practice because RQD ¼ 100% does not mean that the rock is intact. There may be discontinuities in rock masses with RQD ¼ 100% and thus E m may be smaller than E r even when RQD ¼ 100%. Zhang and Einstein (2004) expanded the database shown in Fig. 6 by collecting more data from the published literature (see Fig. 7 ). The expanded database covers the entire range (0 RQD 100%) and shows a nonlinear variation of E m /E r with RQD. The rocks for the expanded database include mudstone, siltstone, sandstone, shale, dolerite, granite, limestone, greywacke, gneiss, and granite gneiss. Again, one can see the large scatter of the data, especially when RQD >65%. Zhang and Einstein (2004) discussed the possible reasons for the large scatter, including test methods, directional effect, discontinuity conditions and insensitivity of RQD to discontinuity frequency (or spacing). Using the expanded database, Zhang and Einstein (2004) derived the following RQD-(E m /E r ) relation for the average trend:
The average RQD-(E m /E r ) relation gives a E ¼ 0.95 at RQD ¼ 100%, which makes sense because there may be discontinuities in rock masses at RQD ¼ 100% and thus E m may be smaller than E r even when RQD ¼ 100%. By plotting the RQD-(E m /E r ) relations by Coon and Merritt (1970) and Gardner (1987) also in Fig. 7 , one can clearly see that it is not reasonable to assume a constant E m /E r value at the low RQD region. Kulhawy and Goodman (1987) suggested that, as a first approximation, the unconfined compressive strength s cm of rock masses be taken as 0.33s c when RQD is less than about 70% and then linearly increase to 0.8s c when RQD increases from 70% to 100% (see Fig. 8 ), where s c is the unconfined compressive strength of the intact rock. The Standard Specifications for Highway Bridges adopted by AASHTO (1996) suggested that s cm be estimated using the following expression: Kulhawy and Goodman (1987) and 64% for the relation of AASHTO (1996) 
Estimation of unconfined compressive strength
where the power q varies from 0.5 to 1 and is most likely in the range of 0.61e0.74 with an average of 0.7. It can be seen that the AASHTO method (Eq. (15)) uses the upper bound value of q ¼ 1.
It needs to be noted that the relation between s cm /s c and E m /E r (Eq. (16)) is derived based only on triaxial test data on jointed rock mass specimens with different joint frequencies, orientations and conditions (Ramamurthy, 1993; Singh et al., 1998; Singh and Rao, 2005 ) and has not been tested against field cases. The power q in Eq. (16) may vary significantly for different rock types and discontinuity conditions. Nevertheless, using the average value of (17)) with the suggestions, respectively by Kulhawy and Goodman (1987) and AASHTO (1996) . Eq. (17) covers the entire range (0 RQD 100%) continuously. For RQD >70%, Eq. (17) is in good agreement with the suggestions of Kulhawy and Goodman (1987) and AASHTO (1996) . For RQD <70%, however, Eq. (17) is different from the suggestions of Kulhawy and Goodman (1987) and AASHTO (1996) , with Eq. (17) considering the continuous variation of s cm /s c with RQD while the suggestions of Kulhawy and Goodman (1987) and AASHTO (1996) both assuming constant s cm /s c values.
Comparative analysis and discussion

Comparative analysis
To evaluate the empirical methods by Zhang and Einstein (2004) and Zhang (2010) for estimating the deformation modulus and unconfined compressive strength of rock masses using RQD, they are applied to five sites with detailed geotechnical information available: the Sulakyurt dam site in central Turkey (Ozsan et al., 2007) , the Tannur dam site in south Jordan (El-Naqa and Kuisi, 2002) , the Urus dam site also in central Turkey (Ozsan and Akin, 2002) , a high tower site at Tenerife Island (Justo et al., 2006) , and an open pit mine site in the vicinity of Berlin, Germany (Alber and Heiland, 2001 ). The results are compared with those from other empirical methods based on the commonly used rock mass classification indices RMR, Q and GSI in order to indirectly check the accuracy of the empirical methods based on RQD. Table 1 lists the properties of rocks at the five sites which cover a reasonable but clearly limited range of rock types. Tables 2 and 3 list the empirical methods based on RMR, Q and GSI for estimating the deformation modulus and unconfined compressive strength of rock masses, respectively. It is noted that these empirical methods were developed based on databases of different sources and, as shown below, may give very different estimation values. Fig. 9 summarizes the estimated deformation modulus values from the empirical method based on RQD by Zhang and Einstein   Fig. 8 . Comparison of s cm /s c versus RQD relations by Kulhawy and Goodman (1987) , AASHTO (1996) , and Zhang (2010), respectively.
Table 1
Summary of rock properties at five sites (after Alber and Heiland, 2001; El-Naqa and Kuisi, 2002; Ozsan and Akin, 2002; Justo et al., 2006; Ozsan et al., 2007) . (2004) and other empirical methods based on RMR, Q and GSI for all 13 cases at the five sites. It can be seen clearly that the estimated values from the empirical method based on RQD are mostly at or slightly smaller than the low values (lower bound) of the estimated values from the different empirical methods based on RMR, Q and GSI. So the empirical method based on RQD by Zhang and Einstein (2004) tends to give conservative estimation of the deformation modulus of rock masses compared to the different empirical methods based on RMR, Q and GSI. Fig. 10 summarizes the estimated unconfined compressive strength values from the empirical method based on RQD by Zhang (2010) and other empirical methods based on RMR, Q and GSI for all 13 cases at the five sites. The estimated values from the empirical method based on RQD are essentially in the middle of the estimated values from the different empirical methods based on RMR, Q and GSI.
Discussion
Determination of the deformation modulus and unconfined compressive strength of jointed rock masses is an important and challenging task in rock mechanics and rock engineering. The empirical methods based on RQD provide a convenient way for estimating the deformation modulus and unconfined compressive strength of rock masses because, in many cases, RQD is the only available information about discontinuities in routine site investigations. However, care should be taken when applying the empirical methods based on RQD for determining the deformation modulus and unconfined compressive strength of rock masses because RQD is only one of the many factors that affect the deformability and strength of jointed rock masses. Other factors such as discontinuity orientation and discontinuity surface conditions can also have a great effect on the deformability and strength of jointed rock masses.
To apply the empirical methods based on RQD for determining the deformation modulus and unconfined compressive strength of rock masses, the following aspects should be noted:
(1) When RQD is the only information available about rock discontinuities, the empirical methods based on RQD can be used to estimate the rock mass deformation modulus and unconfined compressive strength but care should be taken when applying the estimated values. The empirical methods based on RQD should be used only for a first estimation. (2) When RQD and other information are available for determining the rock mass classification indices RMR, Q and GSI, the empirical methods based on RQD should be used together with the empirical methods based on RMR, Q and GSI to evaluate the rock mass deformation modulus and unconfined compressive strength. The estimated values from the empirical methods based on RQD can be compared with the ranges of the estimated values from the empirical methods based on RMR, Q and GSI to get an idea on the effect of RQD on the deformability and strength of rock masses.
Conclusions
This paper reviewed the methods for determining RQD and evaluated the empirical methods based on RQD for estimating the deformation modulus and unconfined compressive strength of rock masses. The conclusions are as follows:
(1) There are different methods for determining RQD. It is important to consider the effect of different factors such as sampling length and direction on RQD when using a method to determine RQD. (2) The empirical method based on RQD by Zhang and Einstein (2004) for estimating deformation modulus of rock masses tends to give low (conservative) values compared to the different empirical methods based on RMR, Q and GSI. 
Bhasin and Grimstad (1996) ; Singh and Goel (1999) (4) The empirical methods based on RQD provide a convenient way for estimating the deformation modulus and unconfined compressive strength of rock masses but, whenever possible, they should be used together with other empirical methods based on RMR, Q and GSI because RQD is only one of the many factors that affect the deformability and strength of jointed rock masses.
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